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driven ability to produce novel vocal signals through imitation or modification of existing vocalizations.
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to vocal learning, some species might have evolved the capacity for volitional vocal modulation via
sexual selection for ‘dishonest’ signalling. We provide preliminary support for our hypothesis by showing
significant associations between allometric deviation and vocal learning in a dataset of 164 mammals.
Our work offers a testable framework for future empirical research linking allometric principles with the
evolution of vocal learning.
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26 Acoustic allometry is the study of how animal vocalisations reflect their body size. A key aim 
27 of this research is to identify outliers to acoustic allometry principles and pinpoint the 
28 evolutionary origins of such outliers. A parallel strand of research investigates species capable 
29 of vocal learning, the experience-driven ability to produce novel vocal signals through 
30 imitation or modification of existing vocalisations. Modification of vocalizations is a common 
31 feature found when studying both acoustic allometry and vocal learning. Yet, these two fields 
32 have only been investigated separately to date. Here, we review and connect acoustic 
33 allometry and vocal learning across mammalian clades, combining perspectives from 
34 bioacoustics, anatomy and evolutionary biology. Based on this, we hypothesize that, as a 
35 precursor to vocal learning, some species might have evolved the capacity for volitional vocal 
36 modulation via sexual selection for ‘dishonest’ signalling. We provide preliminary support for 
37 our hypothesis by showing significant associations between allometric deviation and vocal 
38 learning in a dataset of 164 mammals. Our work offers a testable framework for future 
39 empirical research linking allometric principles with the evolution of vocal learning.
40
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45 Constraining and modulating vocal signals
46 Body size affects multiple aspects of animal behaviour, often predicting the outcome of 
47 agonistic or mating interactions [1]. Sexual selection over vocal communication systems has 
48 led to cases where the body size of the caller is accurately reflected in the acoustic features of 
49 its vocalisations, i.e. honest signalling [2, 3]. This principle also applies to species that have 
50 evolved special anatomical adaptations to modify their vocalisations [4]. Often, these 
51 anatomical modifications appear to be driven by ‘dishonest’ signalling, where adaptations can 
52 create an exaggerated impression of body size. However, such physical modifications 
53 ultimately bound the acoustic features of vocalisations similarly for all individuals within a 
54 species (i.e. runaway selection is constrained [5, 6]). Therefore, these vocalisations are still 
55 considered honest signals within the species, only shifted from what is expected when 
56 compared to other, similarly-sized species (as in red deer [2] and koalas [7]). The 
57 investigation of acoustic allometry mainly involves two categories of acoustic features 
58 defined following the source-filter theory of voice production: the fundamental frequency (fo) 
59 and formant frequencies [8]. fo corresponds to the rate of vibration of vocal folds located in 
60 the mammalian larynx, i.e. the sound source, while formant frequencies are specific 
61 resonances reflecting the geometry of the mammalian vocal tract, i.e. the filter. Across 
62 mammal species, fo provides allometric cues to body size [9-11], but these are far less reliable 
63 than formant frequencies [4], likely because laryngeal anatomy is less constrained than vocal 
64 tract anatomy by surrounding skeletal structures [3].
65
66 Vocal production learning (VPL) can be defined as the experience-driven ability, rare among 
67 mammals, to modify existing vocalisations, to produce novel sounds or to imitate sounds that 
68 do not belong to an individual’s vocal repertoire [12, 13] (for usage learning, see [14]). VPL 
69 inherently involves modulation of acoustic features related to the source, filter or both. Yet, 
70 different species have varying degrees of control over the anatomical components involved in 
71 phonation. For instance, despite a generally assumed lack of vocal control [15], some non-
72 human primates might have limited sound production plasticity [15-17], including for non-
73 voiced sounds [18]. While the presence of VPL in non-human primates is debated [19-22], 
74 strong evidence for VPL has been found to date in humans and four other mammalian clades: 
75 non-otariid Pinnipedia, Elephantidae, Chiroptera, and Cetacea [23-26]. These four taxa 
76 (henceforth VPL clades) appear particularly apt to study the evolution of VPL in the context 
77 of sexual selection. Indeed: could sexual selection push an animal to volitionally modulate its 
78 sound production, thus rendering the acoustic allometry principle unreliable [27]? Here we 
79 formalize this question and provide a framework (Figure 1) for future research investigating a 
80 potential evolutionary trade-off between overall anatomical constraints (acoustic allometry) 
81 and VPL (seen here as an allometry-cheating strategy).
82
83
84 Linking sexual selection on body size and vocal production learning 
85 Figure 1 provides a stepwise framework explaining how selection for dishonest signalling 
86 could pave the way to VPL. This framework is inspired by recent work suggesting that human 
87 VPL capacities, also involved in speech, originate from sexually selected voice modulation 
88 [27]. To develop our hypothesis, we focus on the first formant frequency (hereafter F1) to 
89 investigate the potential relationship among acoustic allometry, VPL, and sexual selection. 
90 There are three main reasons for this choice. First, the physics underlying sound production 
91 outlines an intuitive relationship: the longer a vocal tract is, the lower the F1 it produces [28]. 
92 Due to the same underlying physics connecting single formant values and formant spacing 
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93 (the latter being more commonly used in acoustic allometry studies, e.g. [29]), we rely on 
94 information redundancy between these features and prefer F1 for ease of illustration and 
95 communication. Second, acoustic allometry studies have typically shown more conclusive 
96 evidence for body size scaling with formants, rather than fo [4]. Third, using F1 reflects the 
97 formant modulation often seen in the vocalisations of VPL mammalian species (henceforth 
98 VPLs) produced while imitating vocal patterns [30, 31]. Yet, our reasoning equally applies to 
99 other features used when investigating acoustic allometry in mammals, e.g. individual 
100 formants, formant spacing or fo [7, 9, 32]. The underlying rationale (detailed in Figure 1’s 
101 legend) is that, in some species, sexual selection may have driven allometry-cheating sound 
102 modulation as a precursor to VPL.
103
104
105 Figure 1. Conceptual representation of a species’ repertoire, corresponding to the probability 
106 p(F1) of uttering vocal signals with a formant frequency F1, which can be affected mainly by 
107 anatomical constraints (a-c) or volitional vocal modulation (d). a) F1 variation in a model 
108 species is distributed around a mean frequency (grey vertical line) and remains constrained by 
109 allometric principles acting on vocal tract length. This sketches the typical F1 distribution for 
110 most mammal species identified as non-vocal learners (non-VPLs) to date (e.g. [32]). b) 
111 Hypothetical F1 distributions for three different species. Whiskers correspond to the truncated 
112 tails of the distributions, showing how variation in F1 is constrained by anatomical limits 
113 across species. c) Within a given species, sexual selection pressures can induce an 
114 evolutionary shift of distributional constraints due to anatomical modification of the vocal 
115 tract through dishonest signalling (corresponding in this example to body size exaggeration, 
116 i.e. elongation of the vocal tract visualized as a left-skewed F1 distribution). This is the case, 
117 for example, in koala, red deer and saiga antelopes [7, 33, 34]. Note that dishonest signalling 
118 towards body size reduction could in principle equally apply. d) Under relaxed selective 
119 pressure for dishonest signalling, volitional vocal modulation (sensu [27]) allows active 
120 control over the F1 distribution. While acoustic allometry rules are still inherently present, 
121 deviation from standard allometric constraints can be achieved through sound modulation, as 
122 opposed to being an acoustic by-product of anatomical adaptations (i.e. panel c). Over time, 
123 the allometry-cheating mechanism in place further increases the capacity for volitional vocal 
124 modulation and can lead to full VPL. e) Theoretical perspective on the evolution of VPL. 
125 Black boxes show intermediate steps in the framework we propose here. Grey boxes show 
126 existing alternative hypotheses for the evolution of VPL [35].
127
128
129 Stepwise acquisition of vocal modulation via dishonest signalling
130 Based on available empirical evidence and comparison of abstract cases in Figure 1, we 
131 propose a theoretical framework connecting VPL and acoustic allometry. Based on our 
132 multistage model (Figure 1e), we suggest that: 
133 (i) in most species, selection pressure for honest signalling is high [36, 37];
134 (ii) in the context of sexual selection, deviating from allometric scaling between acoustics and 
135 body size may be achieved by producing dishonest signals in agonistic interactions, mate 
136 attraction and territorial advertisement contexts; dishonest signalling can be evolutionarily 
137 stable as long as it is not deployed too often within or across individuals [36, 37]; however, 
138 acoustic variation within vocalisations can occur in the process and lead to either (iii) or (iv);
139 (iii) in some cases, signals would evolve together with purely anatomical adaptations and 
140 ultimately provide a case of honest signalling within the species through runaway selection 
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141 (Figure 1c, [5, 6]); 
142 (iv) in other cases, signalling body size dishonestly could lead to increased motor control of 
143 the vocal apparatus, with volitional sound modulation throughout the species-specific vocal 
144 production range (i.e. the allometry-cheating modulation seen in Figure 1d, occurring in 
145 species where selection for dishonest signalling overpowered that for honest signalling); 
146 (v) furthering this enhanced control, originally developed to dynamically escape allometric 
147 constraints, can be a stepping stone towards the acquisition of VPL and this control could be 
148 co-opted in other social contexts to eventually 
149 (vi) result in full VPL. 
150 In the framework presented here, VPL would thus constitute the end result of an emerging 
151 capacity to circumvent the limitations imposed by acoustic allometry. Once VPL has 
152 emerged, it can only be evolutionarily stable if sexual selection does not depend entirely on 
153 allometric principles. We hypothesise that in VPLs a selective shift may occur, whereby 
154 dynamic allometry-cheating is maintained via sexual selection acting upon acoustic 
155 phenotypic plasticity (volitional F1 modulation anywhere across p(F1)) instead of static cues to 
156 body size (whiskers delimiting p(F1)).
157
158 To highlight our reasoning, we examine the relationship between acoustic allometry and vocal 
159 learning based on available data from most known cases of VPL clades (Figure 2, Tables 1-2 
160 and [11]). Our results overall suggest a statistical association between VPL and deviation 
161 from acoustic allometry, based on a greater proportion of allometric outliers (Figure 2, 
162 minimum dominant frequency), and larger absolute deviation, in VPL clades (Table 1), 
163 observed from phylogenetically controlled acoustic allometry regressions (see Electronic 
164 Supplementary Material for details). Careful consideration of these results is required because 
165 our analysis treats all species in a VPL clade as VPLs, regardless of the number of VPLs in 
166 that clade. Nonetheless, our framework and analyses hold promising predictive potential for 
167 further research on vocal learning, as they provide a way to identify new candidate VPLs 
168 (bottom row Table 1; Supplementary Figures 2 & 3). In addition, we emphasize the 
169 hypothesized synergy between allometry-cheating strategies, sexual selection and VPL. For 
170 this, we review (Table 2) the evidence for sexual selection on vocalisations, acoustic 
171 modulation, and deviation from allometric rules in all currently known mammal VPL species.
172
173
174 Figure 2. Bar charts outlining the proportions of allometric outliers within VPL and non-VPL 
175 clades. Acoustic allometry is assessed through the use of dominant frequency (or peak 
176 frequency), and VPL clades are defined as clades which include multiple known VPL species 
177 (i.e. by extension, our analysis assumes VPL ability for all species that belong to a VPL 
178 clade; see Supplementary Figures 2 & 3 for additional analyses and Supplementary data,  
179 adapted from [11]). The proportion of allometric outliers is significantly greater in VPL than 
180 non-VPL clades when investigating allometry scaling based on minimum dominant 
181 frequency (Barnard’s test: Z = - 5.29, P < 0.001), but not maximum dominant frequency (Z = 
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191 Table 1. Comparison of the residuals from acoustic allometry regressions using Mann-
192 Whitney U tests.
193
Acoustic trait Minimum frequency Maximum frequency
Median of residuals for VPL clades 0.79 0.37
Median of residuals for non-VPL clades 0.38 0.29
W-value 4943 3838
p-value < 0.001 < 0.01
Five outlier species with the largest 
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205 Alternative allometry-cheating scenarios
206 We naturally acknowledge the fact that sexual selection on vocal features can also occur in 
207 non-VPLs. Similarly, other selective pressures may drive allometry-cheating strategies among 
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208 mammals (including VPLs and non-VPLs). Such pressures include, but are not limited to: 1) 
209 temperature and metabolic conditions, for which an interplay with body size and acoustic 
210 scaling has been identified in frogs [86] and could act similarly in mammals [87]; 2) 
211 adaptation of vocal signals to foraging and orientation purposes such as echolocation calls in 
212 bats and dolphins [88] (note however that echolocation calls can also carry a communicative 
213 value in these taxa [89, 90]); 3) anatomical adaptation related to the environment in which a 
214 species lives. For instance, sound production in odontocetes generally differs from that of 
215 other mammals: phonic lips in the nasal airway vibrate to produce echolocation clicks and 
216 whistles [91]. In this particular clade, we note only very scarce evidence for sexually-selected 
217 vocalisations (Table 2); instead, sound production for orientation or foraging purposes [88] 
218 could have driven deviations from allometric scaling. Until additional investigations on the 
219 presence and relevance of sexually selected vocalisations and the nature of allometric 
220 relationships in odontocetes are undertaken, the origin of allometry-cheating in this clade 
221 remains unknown. Similarly, evidence for acoustic allometry (or deviation from it) in grey 
222 seals is also lacking (Table 2). We stress that our framework is non-exclusive, illustrating one 
223 possible evolutionary mechanism toward the emergence of VPL, which rests on suggestive 
224 initial evidence (Figure 2 & Supplementary Figures 2 & 3; see also [27]) but remains to be 
225 tested empirically and on a la ge scale.
226
227
228 Conclusions and future work
229 This paper provides one evolutionary hypothesis (in addition to others, already proposed 
230 elsewhere [35]) for the acquisition of the capacity for VPL in mammals, including humans, 
231 through signal dishonesty. This implies a combination of enhanced motor control over voice 
232 modulation and selective pressures acting towards dishonest signalling. In this sense, our 
233 framework is a natural extension of what has been previously proposed for humans [27]: 
234 controlled acoustic modulation may have been a key step towards the evolution of human 
235 speech under an evolutionary sexual constraint for dishonest size signalling. In a similar way, 
236 sexually-induced pressure for sound modulation could have led to VPL in mammals, as yet 
237 another step towards the emergence of articulated speech in humans. The human and cross-
238 species frameworks will help link the evolution of VPL in mammals with the origins of 
239 speech in humans, and shed light on whether and how selective pressures may apply on 
240 dynamic, rather than static, aspects of the voice in VPLs.
241
242 Given the variety of degrees with which acoustic signals can be modulated, we subscribe to 
243 the idea that VPL is a continuum rather than a binary property [92] and it should be studied as 
244 such [83]. To support or refute our theoretical framework, further studies should focus on 
245 investigating acoustic allometry relationships both within and across species. Doing so will 
246 help identify species escaping vocal allometry scaling, and therefore potential candidates for 
247 VPL abilities (this predictive value is illustrated in Table 1 and Supplementary Figures 2 & 
248 3). When identifying such candidate species, future VPL research should dissect VPL into 
249 learning to modify targeted acoustic features, in line with the modular framework for vocal 
250 learning [93]. Conducting joint analyses of VPL and allometry, we predict quantitative 
251 differences among species displaying (1) allometric scaling of acoustic features and no VPL, 
252 (2) both allometry and VPL, (3) VPL but no allometry and (4) neither VPL nor allometry. In 
253 most cases, we expect our predicted relationships to hold stronger for F1 or formant spacing, 
254 rather than fo. Such analyses can be undertaken once classification of mammals into a 
255 comprehensive VPL continuum [94] becomes available, and will require additional data to be 
Page 8 of 26
http://mc.manuscriptcentral.com/bl









260 Funding. A.Ravignani was supported by Pegasus2 Marie Curie fellowship 12N5517N.
261
262 Acknowledgments. The authors thank an anonymous editorial board member, L.Favaro, 
263 A.Lowry, D.Carlson and three anonymous reviewers for insightful comments on this 
264 manuscript.
265




270 [1] Andersson, M.B. 1994 Sexual Selection, Princeton University Press.
271 [2] Fitch, W.T. & Reby, D. 2001 The descended larynx is not uniquely human. Proc. Biol. 
272 Sci. 268, 1669-1675. (doi:10.1098/rspb.2001.1704).
273 [3] Fitch, W.T. & Hauser, M.D. 2002 Unpacking “Honesty”: vertebrate vocal production and 
274 the evolution of acoustic signals. In Acoustic Communication (ed. A.M. Ed. Simmons, Fay, R. 
275 R. & Popper, A. N.)), pp. 65-137. New York, Springer.
276 [4] Charlton, B.D. & Reby, D. 2016 The evolution of acoustic size exaggeration in terrestrial 
277 mammals. Nat. Commun. 7, 12739. (doi:10.1038/ncomms12739).
278 [5] Fisher, R.A. 1999 The Genetical Theory of Natural Selection: A Complete Variorum 
279 Edition, OUP Oxford.
280 [6] Tanaka, Y. 1996 Social selection and the evolution of animal signals. Evolution 50, 512-
281 523. (doi:10.1111/j.1558-5646.1996.tb03864.x).
282 [7] Charlton, B.D., Ellis, W.A., McKinnon, A.J., Cowin, G.J., Brumm, J., Nilsson, K. & 
283 Fitch, W.T. 2011 Cues to body size in the formant spacing of male koala (Phascolarctos 
284 cinereus) bellows: honesty in an exaggerated trait. J. Exp. Biol. 214, 3414-3422. 
285 (doi:10.1242/jeb.061358).
286 [8] Fant, G. 1960 Acoustic theory of speech production. The Hague, Netherlands, Mouton.
287 [9] Garcia, M., Herbst, C.T., Bowling, D.L., Dunn, J.C. & Fitch, W.T. 2017 Acoustic 
288 allometry revisited: morphological determinants of fundamental frequency in primate vocal 
289 production. Scientific Reports 7, 10450. (doi:10.1038/s41598-017-11000-x).
290 [10] Bowling, D., Garcia, M., Dunn, J., Ruprecht, R., Stewart, A., Heinz-Frommolt, K. & 
291 Fitch, W.T. 2017 Body size and vocalization in primates and carnivores. Scientific Reports 7, 
292 41070.
293 [11] Martin, K., Tucker, M.A. & Rogers, T.L. 2017 Does size matter? Examining the drivers 
294 of mammalian vocalizations. Evolution 71, 249-260. (doi:10.1111/evo.13128).
295 [12] Boughman, J.W. & Moss, C.F. 2003 Social sounds: vocal learning and development of 
296 mammal and bird calls. In Acoustic Communication—Springer Handbook of Auditory 
297 Research (eds. Simmons AM, Fay RR & P. AN.), pp. 138-224. New York, Springer- Verlag.
298 [13] Janik, V.M. & Slater, P.J. 1997 Vocal learning in mammals. Advances in the Study of 
299 Behaviour 26, 59-100.
300 [14] Shapiro, A.D., Slater, P.J.B. & Janik, V.M. 2004 Call usage learning in gray seals 
301 (Halichoerus grypus). Journal of Comparative Psychology 118, 447-454. (doi:10.1037/0735-
302 7036.118.4.447).
303 [15] Hammerschmidt, K. & Fischer, J. 2008 Constraints in primate vocal production. In The 
304 evolution of Communicative Creativity: From Fixed Signals to Contextual Flexibility (eds. U. 
305 Griebel & K. Oller). Cambridge, MA, The MIT Press.
306 [16] Watson, S.K., Townsend, S.W., Schel, A.M., Wilke, C., Wallace, E.K., Cheng, L., West, 
307 V. & Slocombe, K.E. 2015 Vocal learning in the functionally referential food grunts of 
308 chimpanzees. Curr. Biol. 25, 495-499. (doi:10.1016/j.cub.2014.12.032).
Page 9 of 26
http://mc.manuscriptcentral.com/bl





309 [17] Lameira, A.R., Hardus, M.E., Mielke, A., Wich, S.A. & Shumaker, R.W. 2016 Vocal 
310 fold control beyond the species-specific repertoire in an orang-utan. Sci. Rep. 6, 30315. 
311 (doi:10.1038/srep30315).
312 [18] Lameira, A.R., Maddieson, I. & Zuberbuhler, K. 2014 Primate feedstock for the 
313 evolution of consonants. Trends Cogn. Sci. 18, 60-62. (doi:10.1016/j.tics.2013.10.013).
314 [19] Watson, S.K., Townsend, S.W., Schel, A.M., Wilke, C., Wallace, E.K., Cheng, L., West, 
315 V. & Slocombe, K.E. 2015 Reply to Fischer et al. Curr. Biol. 25, R1030-R1031. 
316 (doi:10.1016/j.cub.2015.09.024).
317 [20] Fischer, J., Wheeler, B.C. & Higham, J.P. 2015 Is there any evidence for vocal learning 
318 in chimpanzee food calls? Curr. Biol. 25, R1028-r1029. (doi:10.1016/j.cub.2015.09.010).
319 [21] Fischer, J. 2017 Primate vocal production and the riddle of language evolution. 
320 Psychonomic Bulletin & Review 24, 72-78. (doi:10.3758/s13423-016-1076-8).
321 [22] Fitch, W.T.S. 2016 Why formal semantics and primate communication make strange 
322 bedfellows. . Theoretical Linguistics 42, 97-109.
323 [23] Reichmuth, C. & Casey, C. 2014 Vocal learning in seals, sea lions, and walruses. Curr. 
324 Opin. Neurobiol. 28, 66-71. (doi:10.1016/j.conb.2014.06.011).
325 [24] Stoeger, A.S. & Manger, P. 2014 Vocal learning in elephants: neural bases and adaptive 
326 context. Curr. Opin. Neurobiol. 28, 101-107. (doi:10.1016/j.conb.2014.07.001).
327 [25] Knörnschild, M. 2014 Vocal production learning in bats. Curr. Opin. Neurobiol. 28, 80-
328 85. (doi:10.1016/j.conb.2014.06.014).
329 [26] Janik, V.M. 2014 Cetacean vocal learning and communication. Curr. Opin. Neurobiol. 
330 28, 60-65. (doi:10.1016/j.conb.2014.06.010).
331 [27] Pisanski, K., Cartei, V., McGettigan, C., Raine, J. & Reby, D. 2016 Voice modulation: A 
332 window into the origins of human vocal control? Trends Cogn. Sci. 20, 304-318. 
333 (doi:10.1016/j.tics.2016.01.002).
334 [28] Titze, I.R. 2000 Principles of voice production, National Center for Voice and Speech 
335 (2nd Edition).
336 [29] Fitch, W.T. 1997 Vocal tract length and formant frequency dispersion correlate with 
337 body size in rhesus macaques. J. Acoust. Soc. Am. 102. (doi:10.1121/1.421048).
338 [30] Stoeger, Angela S., Mietchen, D., Oh, S., de Silva, S., Herbst, Christian T., Kwon, S. & 
339 Fitch, W T. 2012 An Asian elephant Imitates human speech. Curr. Biol. 22, 2144-2148. 
340 (doi:10.1016/j.cub.2012.09.022).
341 [31] Stansbury, A. 2015 Vocal learning and development in the grey seal Halichoerus 
342 grypus., University of St Andrews.
343 [32] Garcia, M., Wondrak, M., Huber, L. & Fitch, W.T. 2016 Honest signaling in domestic 
344 piglets (Sus scrofa domesticus): vocal allometry and the information content of grunt calls. 
345 Journal of Experimental Biology 219, 1913-1921. (doi:10.1242/jeb.138255).
346 [33] Reby, D. & McComb, K. 2003 Anatomical constraints generate honesty: acoustic cues to 
347 age and weight in the roars of red deer stags. Animal Behaviour 65, 519-530. 
348 (doi:10.1006/anbe.2003.2078).
349 [34] Volodin, I.A., Sibiryakova, O.V., Kokshunova, L.E., Frey, R. & Volodina, E.V. 2014 
350 Nasal and oral calls in mother and young trunk-nosed saiga antelopes, Saiga tatarica. 
351 Bioacoustics 23, 79-98. (doi:10.1080/09524622.2013.826598).
352 [35] Nowicki, S. & Searcy, W.A. 2014 The evolution of vocal learning. Curr. Opin. 
353 Neurobiol. 28, 48-53. (doi:10.1016/j.conb.2014.06.007).
354 [36] Dawkins, M.S. & Guilford, T. 1991 The corruption of honest signalling. Anim. Behav. 
355 41, 865-873. (doi:10.1016/S0003-3472(05)80353-7).
356 [37] Smith, J.M. & Harper, D. 2003 Animal Signals, OUP Oxford.
357 [38] Hayes, S.A., Kumar, A., Costa, D.P., Mellinger, D.K., Harvey, J.T., Southall, B.L. & Le 
358 Boeuf, B.J. 2004 Evaluating the function of the male harbour seal, Phoca vitulina, roar 
359 through playback experiments. Anim. Behav. 67, 1133-1139.
360 [39] Van Parijs, S.M., Hastie, G.D. & Thompson, P.M. 1999 Geographical variation in 
361 temporal and spatial vocalization patterns of male harbour seals in the mating season. Anim. 
362 Behav. 58, 1231-1239. (doi:10.1006/anbe.1999.1258).
363 [40] Ralls, K., Fiorelli, P. & Gish, S. 1985 Vocalizations and vocal mimicry in captive harbor 
Page 10 of 26
http://mc.manuscriptcentral.com/bl





364 seals, Phoca vitulina. Can. J. Zool. 63, 1050-1056. (doi:10.1139/z85-157).
365 [41] Ravignani, A., Gross, S., Garcia, M., Rubio-Garcia, A. & de Boer, B. 2017 How small 
366 could a pup sound? The physical bases of signalling body size in harbour seals. Current 
367 Zoology zox026. (doi:10.1093/cz/zox026).
368 [42] Asselin, S., Hammill, M.O. & Barrette, C. 1993 Underwater vocalizations of ice 
369 breeding grey seals. Can. J. Zool. 71, 2211-2219. (doi:10.1139/z93-310).
370 [43] Hocking, D.P., Burville, B., Parker, W.M.G., Evans, A.R., Park, T. & Marx, F.G. 2020 
371 Percussive underwater signaling in wild gray seals. Mar. Mamm. Sci., 1-5. 
372 (doi:10.1111/mms.12666).
373 [44] Stansbury, A.L. & Janik, V.M. 2019 Formant modification through vocal production 
374 learning in gray seals. Curr. Biol. 29, 2244-2249 e2244. (doi:10.1016/j.cub.2019.05.071).
375 [45] Shapiro, A.D., Slater, P.J.B. & Janik, V. 2004 Call usage learning in gray seals 
376 (Halichoerus grypus). J. Comp. Psychol. 118, 447-454. (doi:10.1037/0735-7036.118.4.447).
377 [46] Sanvito, S., Galimberti, F. & Miller, E.H. 2007 Observational evidences of vocal 
378 learning in Southern elephant seals: a longitudinal study. Ethology 113, 137-146. 
379 (doi:10.1111/j.1439-0310.2006.01306.x).
380 [47] Sanvito, S., Galimberti, F. & Miller, E.H. 2007 Vocal signalling of male southern 
381 elephant seals is honest but imprecise. Anim. Behav. 73, 287-299. 
382 (doi:10.1016/j.anbehav.2006.08.005).
383 [48] Fay, F.H. 1985 Odobenus rosmarus. Mamm. Species 238, 1-7. (doi:10.2307/3503810).
384 [49] Verboom, W.C. & Kastelein, R.A. 1995 Rutting whistles of a male Pacific walrus 
385 (Odobenus romarus divergens). In Sensory Systems of Aquatic Mammals. (eds. R.A. 
386 Kastelein, J.A. Thomas & P.E. Nachtigall), pp. 287–298. Woerden, The Netherlands, De Spil.
387 [50] Schusterman, R.J. & Reichmuth, C. 2008 Sound production by pinnipeds can be 
388 modified by contingency learning. J. Acoust. Soc. Am. 123, 3508-3508. 
389 (doi:10.1121/1.2934402).
390 [51] Poole, J.H. 1987 Rutting behavior in African elephants: the phenomenon of musth. 
391 Behaviour 102, 283-316. (doi:10.1163/156853986X00171).
392 [52] Poole, J.H., Tyack, P.L., Stoeger-Horwath, A.S. & Watwood, S. 2005 Elephants are 
393 capable of vocal learning. Nature 434, 455. (doi:10.1038/434455a).
394 [53] Stoeger, A.S., Heilmann, G., Zeppelzauer, M., Ganswindt, A., Hensman, S. & Charlton, 
395 B.D. 2012 Visualizing sound emission of elephant vocalizations: evidence for two rumble 
396 production types. PLoS ONE 7, e48907. (doi:10.1371/journal.pone.0048907).
397 [54] Stoeger, A.S. & Baotic, A. 2016 Information content and acoustic structure of male 
398 African elephant social rumbles. Sci. Rep. 6, 27585. (doi:10.1038/srep27585).
399 [55] Wilson, J.F., Mahajan, U., Wainwright, S.A. & Croner, L.J. 1991 A continuum model of 
400 elephant trunks. J. Biomech. Eng. 113, 79-84. (doi:10.1115/1.2894088).
401 [56] Shoshani, J. & Tassy, P. 2005 Advances in proboscidean taxonomy & classification, 
402 anatomy & physiology, and ecology & behavior. Quaternary International 126-128, 5-20. 
403 (doi:10.1016/j.quaint.2004.04.011).
404 [57] de Silva, S. 2010 Acoustic communication in the Asian elephant, Elephas maximus 
405 maximus. Behaviour 147, 825-852.
406 [58] McCracken, G.F. & Bradbury, J.W. 1981 Social organization and kinship in the 
407 polygynous bat Phyllostomus hastatus. Behav. Ecol. Sociobiol. 8, 11-34. 
408 (doi:10.1007/BF00302840).
409 [59] Esser, K.-H. & Schmidt, U. 1989 Mother-infant communication in the lesser spear-nosed 
410 bat Phyllostomus discolor (Chiroptera, Phyllostomidae) — Evidence for acoustic learning. 
411 Ethology 82, 156-168. (doi:10.1111/j.1439-0310.1989.tb00496.x).
412 [60] Jones, G. 1999 Scaling of echolocation call parameters in bats. J. Exp. Biol. 202, 3359-
413 3367.
414 [61] Lattenkamp, E.Z., Vernes, S.C. & Wiegrebe, L. 2020 Vocal production learning in the 
415 pale spear-nosed bat, Phyllostomus discolor. Biol. Lett. 16, 20190928. 
416 (doi:doi:10.1098/rsbl.2019.0928).
417 [62] Knörnschild, M., Eckenweber, M., Fernandez, A.A. & Nagy, M. 2016 Sexually selected 
418 vocalizations of neotropical bats. In Sociality in Bats (ed. J. Ortega), pp. 179-195. Cham, 
Page 11 of 26
http://mc.manuscriptcentral.com/bl





419 Springer International Publishing.
420 [63] Knörnschild, M., Nagy, M., Metz, M., Mayer, F. & von Helversen, O. 2009 Complex 
421 vocal imitation during ontogeny in a bat. Biol. Lett. 6, 156-159. (doi:10.1098/rsbl.2009.0685).
422 [64] Knörnschild, M., Behr, O. & von Helversen, O. 2006 Babbling behavior in the sac-
423 winged bat (Saccopteryx bilineata). Naturwissenschaften 93, 451-454. (doi:10.1007/s00114-
424 006-0127-9).
425 [65] Behr, O., von Helversen, O., Heckel, G., Nagy, M., Voigt, C.C. & Mayer, F. 2006 
426 Territorial songs indicate male quality in the sac-winged bat Saccopteryx bilineata 
427 (Chiroptera, Emballonuridae). Behav. Ecol. 17, 810-817. (doi:10.1093/beheco/arl013).
428 [66] Tavolga, M.C. & Essapian, F.S. 1957 The behavior of the bottle-nosed dolphin (Tursiops 
429 truncatus): mating, pregnancy, parturition and mother-infant behavior. Zoologica (N. Y.) 42, 
430 11-31.
431 [67] Janik, V.M. & Sayigh, L.S. 2013 Communication in bottlenose dolphins: 50 years of 
432 signature whistle research. J Comp Physiol A 199, 479-489. (doi:10.1007/s00359-013-0817-
433 7).
434 [68] May-Collado, L.J., Agnarsson, I. & Wartzok, D. 2007 Reexamining the relationship 
435 between body size and tonal signals frequency in whales: a comparative approach using a 
436 novel phylogeny. Mar. Mamm. Sci. 23, 524-552. (doi:10.1111/j.1748-7692.2007.02250.x).
437 [69] Shilling, C.W., Werts, M.F. & Schandelmeier, N.R. 1976 Underwater Communications. 
438 In The Underwater Handbook: A Guide to Physiology and Performance for the Engineer 
439 (eds. C.W. Shilling, M.F. Werts & N.R. Schandelmeier), pp. 811-841. Boston, MA, Springer 
440 US.
441 [70] King, S.L. & Janik, V.M. 2013 Bottlenose dolphins can use learned vocal labels to 
442 address each other. Proc. Natl. Acad. Sci. U. S. A. 110, 13216-13221. 
443 (doi:10.1073/pnas.1304459110).
444 [71] Ford, J.K.B. 1989 Acoustic behavior of resident killer whales (Orcinus orca) off 
445 Vancouver Island, British Columbia. Can. J. Zool. 67. (doi:10.1139/z89-105).
446 [72] Favaro, L., Neves, S., Furlati, S., Pessani, D., Martin, V. & Janik, V.M. 2016 Evidence 
447 suggests vocal production learning in a cross-fostered Risso's dolphin (Grampus griseus). 
448 Anim. Cogn. 19, 847-853. (doi:10.1007/s10071-016-0961-x).
449 [73] Belʹkovich, V.M. & Shchekotov, M.N. 1993 The belukha whale: natural behavior and 
450 bioacoustics. Woods Hole, MA, USA, Woods Hole Oceanographic Institution.
451 [74] Ridgway, S., Carder, D., Jeffries, M. & Todd, M. 2012 Spontaneous human speech 
452 mimicry by a cetacean. Curr. Biol. 22, R860-R861. (doi:10.1016/j.cub.2012.08.044).
453 [75] Schaeff, C.M. 2007 Courtship and mating behavior. In Reproductive biology and 
454 phylogeny of Cetacea (ed. D.L. Miller), pp. 349–370. Enfield, NH., Science Publishers.
455 [76] Cazau, D., Adam, O., Aubin, T., Laitman, J.T. & Reidenberg, J.S. 2016 A study of vocal 
456 nonlinearities in humpback whale songs: from production mechanisms to acoustic analysis. 
457 Sci. Rep. 6, 31660. (doi:10.1038/srep31660).
458 [77] Clark, C.W. 1982 The acoustic repertoire of the Southern right whale, a quantitative 
459 analysis. Anim. Behav. 30, 1060-1071. (doi:10.1016/S0003-3472(82)80196-6).
460 [78] Clark, C.W. & Johnson, J.H. 1984 The sounds of the bowhead whale, Balaena 
461 mysticetus, during the spring migrations of 1979 and 1980. Can. J. Zool. 62, 1436-1441. 
462 (doi:10.1139/z84-206).
463 [79] Pisanski, K., Mishra, S. & Rendall, D. 2012 The evolved psychology of voice: evaluating 
464 interrelationships in listeners' assessments of the size, masculinity, and attractiveness of 
465 unseen speakers. Evolution and Human Behavior 33, 509-519. 
466 (doi:10.1016/j.evolhumbehav.2012.01.004).
467 [80] Puts, D.A., Hill, A.K., Bailey, D.H., Walker, R.S., Rendall, D., Wheatley, J.R., Welling, 
468 L.L., Dawood, K., Cardenas, R., Burriss, R.P., et al. 2016 Sexual selection on male vocal 
469 fundamental frequency in humans and other anthropoids. Proc. Biol. Sci. 283. 
470 (doi:10.1098/rspb.2015.2830).
471 [81] Pisanski, K., Mora, E.C., Pisanski, A., Reby, D., Sorokowski, P., Frackowiak, T. & 
472 Feinberg, D.R. 2016 Volitional exaggeration of body size through fundamental and formant 
473 frequency modulation in humans. Scientific reports 6, 34389. (doi:10.1038/srep34389).
Page 12 of 26
http://mc.manuscriptcentral.com/bl





474 [82] Pisanski, K., Fraccaro, P.J., Tigue, C.C., O'Connor, J.J.M., Röder, S., Andrews, P.W., 
475 Fink, B., DeBruine, L.M., Jones, B.C. & Feinberg, D.R. 2014 Vocal indicators of body size in 
476 men and women: a meta-analysis. Anim. Behav. 95, 89-99. 
477 (doi:10.1016/j.anbehav.2014.06.011).
478 [83] Lattenkamp, E.Z. & Vernes, S.C. 2018 Vocal learning: a language-relevant trait in need 
479 of a broad cross-species approach. Curr. Opin. Behav. Sci. 
480 (doi:10.1016/j.cobeha.2018.04.007).
481 [84] Fitch, W.T. 2000 The evolution of speech: a comparative review. Trends Cogn. Sci. 4, 
482 258-267.
483 [85] Jarvis, E.D. 2007 Neural systems for vocal learning in birds and humans: a synopsis. 
484 Journal of Ornithology 148, 35-44. (doi:10.1007/s10336-007-0243-0).
485 [86] Ziegler, L., Arim, M. & Bozinovic, F. 2016 Intraspecific scaling in frog calls: the 
486 interplay of temperature, body size and metabolic condition. Oecologia 181, 673-681. 
487 (doi:10.1007/s00442-015-3499-8).
488 [87] Gillooly, J.F. & Ophir, A.G. 2010 The energetic basis of acoustic communication. Proc. 
489 R. Soc. Lond. B 277, 1325-1331. (doi:doi:10.1098/rspb.2009.2134).
490 [88] Thomas, J.A., Moss, C.F. & Vater, M. 2004 Echolocation in bats and dolphins. Chicago, 
491 IL, University of Chicago Press.
492 [89] Gotz, T., Verfuss, U.K. & Schnitzler, H.U. 2006 'Eavesdropping' in wild rough-toothed 
493 dolphins (Steno bredanensis)? Biol. Lett. 2, 5-7. (doi:10.1098/rsbl.2005.0407).
494 [90] Knörnschild, M., Jung, K., Nagy, M., Metz, M. & Kalko, E. 2012 Bat echolocation calls 
495 facilitate social communication. Proc. R. Soc. B 279, 4827-4835. 
496 (doi:10.1098/rspb.2012.1995).
497 [91] Reidenberg, J.S. & Laitman, J.T. 2018 Chapter 47 - Anatomy of Underwater Sound 
498 Production With a Focus on Ultrasonic Vocalization in Toothed Whales Including Dolphins 
499 and Porpoises. In Handbook of Behavioral Neuroscience (ed. S.M. Brudzynski), pp. 509-519, 
500 Elsevier.
501 [92] Petkov, C. & Jarvis, E. 2012 Birds, primates, and spoken language origins: behavioral 
502 phenotypes and neurobiological substrates. Frontiers in Evolutionary Neuroscience 4. 
503 (doi:10.3389/fnevo.2012.00012).
504 [93] Wirthlin, M., Chang, E.F., Knornschild, M., Krubitzer, L.A., Mello, C.V., Miller, C.T., 
505 Pfenning, A.R., Vernes, S.C., Tchernichovski, O. & Yartsev, M.M. 2019 A modular approach 
506 to vocal learning: disentangling the diversity of a complex behavioral trait. Neuron 104, 87-
507 99. (doi:10.1016/j.neuron.2019.09.036).
508 [94] Martins, P.T. & Boeckx, C. 2020 Vocal learning: Beyond the continuum. PLoS Biol. 18, 
509 e3000672. (doi:10.1371/journal.pbio.3000672).
510
Page 13 of 26
http://mc.manuscriptcentral.com/bl





419 Springer International Publishing.
420 [63] Knörnschild, M., Nagy, M., Metz, M., Mayer, F. & von Helversen, O. 2009 Complex 
421 vocal imitation during ontogeny in a bat. Biol. Lett. 6, 156-159. (doi:10.1098/rsbl.2009.0685).
422 [64] Knörnschild, M., Behr, O. & von Helversen, O. 2006 Babbling behavior in the sac-
423 winged bat (Saccopteryx bilineata). Naturwissenschaften 93, 451-454. (doi:10.1007/s00114-
424 006-0127-9).
425 [65] Behr, O., von Helversen, O., Heckel, G., Nagy, M., Voigt, C.C. & Mayer, F. 2006 
426 Territorial songs indicate male quality in the sac-winged bat Saccopteryx bilineata 
427 (Chiroptera, Emballonuridae). Behav. Ecol. 17, 810-817. (doi:10.1093/beheco/arl013).
428 [66] Tavolga, M.C. & Essapian, F.S. 1957 The behavior of the bottle-nosed dolphin (Tursiops 
429 truncatus): mating, pregnancy, parturition and mother-infant behavior. Zoologica (N. Y.) 42, 
430 11-31.
431 [67] Janik, V.M. & Sayigh, L.S. 2013 Communication in bottlenose dolphins: 50 years of 
432 signature whistle research. J Comp Physiol A 199, 479-489. (doi:10.1007/s00359-013-0817-
433 7).
434 [68] May-Collado, L.J., Agnarsson, I. & Wartzok, D. 2007 Reexamining the relationship 
435 between body size and tonal signals frequency in whales: a comparative approach using a 
436 novel phylogeny. Mar. Mamm. Sci. 23, 524-552. (doi:10.1111/j.1748-7692.2007.02250.x).
437 [69] Shilling, C.W., Werts, M.F. & Schandelmeier, N.R. 1976 Underwater Communications. 
438 In The Underwater Handbook: A Guide to Physiology and Performance for the Engineer 
439 (eds. C.W. Shilling, M.F. Werts & N.R. Schandelmeier), pp. 811-841. Boston, MA, Springer 
440 US.
441 [70] King, S.L. & Janik, V.M. 2013 Bottlenose dolphins can use learned vocal labels to 
442 address each other. Proc. Natl. Acad. Sci. U. S. A. 110, 13216-13221. 
443 (doi:10.1073/pnas.1304459110).
444 [71] Ford, J.K.B. 1989 Acoustic behavior of resident killer whales (Orcinus orca) off 
445 Vancouver Island, British Columbia. Can. J. Zool. 67. (doi:10.1139/z89-105).
446 [72] Favaro, L., Neves, S., Furlati, S., Pessani, D., Martin, V. & Janik, V.M. 2016 Evidence 
447 suggests vocal production learning in a cross-fostered Risso's dolphin (Grampus griseus). 
448 Anim. Cogn. 19, 847-853. (doi:10.1007/s10071-016-0961-x).
449 [73] Belʹkovich, V.M. & Shchekotov, M.N. 1993 The belukha whale: natural behavior and 
450 bioacoustics. Woods Hole, MA, USA, Woods Hole Oceanographic Institution.
451 [74] Ridgway, S., Carder, D., Jeffries, M. & Todd, M. 2012 Spontaneous human speech 
452 mimicry by a cetacean. Curr. Biol. 22, R860-R861. (doi:10.1016/j.cub.2012.08.044).
453 [75] Schaeff, C.M. 2007 Courtship and mating behavior. In Reproductive biology and 
454 phylogeny of Cetacea (ed. D.L. Miller), pp. 349–370. Enfield, NH., Science Publishers.
455 [76] Cazau, D., Adam, O., Aubin, T., Laitman, J.T. & Reidenberg, J.S. 2016 A study of vocal 
456 nonlinearities in humpback whale songs: from production mechanisms to acoustic analysis. 
457 Sci. Rep. 6, 31660. (doi:10.1038/srep31660).
458 [77] Clark, C.W. 1982 The acoustic repertoire of the Southern right whale, a quantitative 
459 analysis. Anim. Behav. 30, 1060-1071. (doi:10.1016/S0003-3472(82)80196-6).
460 [78] Clark, C.W. & Johnson, J.H. 1984 The sounds of the bowhead whale, Balaena 
461 mysticetus, during the spring migrations of 1979 and 1980. Can. J. Zool. 62, 1436-1441. 
462 (doi:10.1139/z84-206).
463 [79] Pisanski, K., Mishra, S. & Rendall, D. 2012 The evolved psychology of voice: evaluating 
464 interrelationships in listeners' assessments of the size, masculinity, and attractiveness of 
465 unseen speakers. Evolution and Human Behavior 33, 509-519. 
466 (doi:10.1016/j.evolhumbehav.2012.01.004).
467 [80] Puts, D.A., Hill, A.K., Bailey, D.H., Walker, R.S., Rendall, D., Wheatley, J.R., Welling, 
468 L.L., Dawood, K., Cardenas, R., Burriss, R.P., et al. 2016 Sexual selection on male vocal 
469 fundamental frequency in humans and other anthropoids. Proc. Biol. Sci. 283. 
470 (doi:10.1098/rspb.2015.2830).
471 [81] Pisanski, K., Mora, E.C., Pisanski, A., Reby, D., Sorokowski, P., Frackowiak, T. & 
472 Feinberg, D.R. 2016 Volitional exaggeration of body size through fundamental and formant 
473 frequency modulation in humans. Scientific reports 6, 34389. (doi:10.1038/srep34389).
Page 24 of 26
http://mc.manuscriptcentral.com/bl
Submitted to Biology Letters
For Review Only


































































Page 26 of 26
http://mc.manuscriptcentral.com/bl
































Page 27 of 26
http://mc.manuscriptcentral.com/bl
Submitted to Biology Letters
